Avicennia marina (Forsk.) Vierh is a widespread mangrove species along the southeast coasts of China. Recently, the outbreak of herbivorous insect, Phyllocnistis citrella Stainton, a leaf miner, have impacted on the growth of A. marina. Little is reported about the responses of A. marina to leaf miner infection at the biochemical, physiological and molecular levels. Here, we reported the responses of A. marina to leaf miner infection from the aspects of leaf structure, photosynthesis, and antioxidant system and miner responsive genes expression. A. marina leaves attacked by the leaf miner exhibited significant decreases in chlorophyll, carbon and nitrogen contents, as well as a decreased photosynthetic rate. Scanning and transmission electron microscopic observations revealed that the leaf miner only invaded the upper epidermis and destroyed the epidermal cell, which lead to the exposure of salt glands. In addition, the chloroplasts of mined leaves (ML) were swollen and the thylakoids degraded. The maximal net photosynthetic rate, stomatal conductance (Gs), carboxylation efficiency (CE), dark respiration (Rd), light respiration (Rp) and quantum yields (AQE) significantly decreased in the ML, whereas the light saturation point (Lsp), light compensation point (Lcp), water loss and CO 2 compensation point (Г) increased in the ML. Moreover, chlorophyll fluorescence features also had been changed by leaf miner attacks. Interestingly, higher generation rate of O 2ˉ· and lower antioxidant enzyme expression in the mined portion (MP) were found; on the contrary, higher H 2 O 2 level and higher antioxidant enzyme expression in the non-mined portion (NMP) were revealed, implying that the NMP may be able to sense that the leaf miner attacks had happened in the MP of the A. marina leaf via H 2 O 2 signaling. Besides, the protein expression of glutathione S-transferase (GST) and the glutathione (GSH) content were increased in the ML. In addition, insect resistance-related gene expression such as chitinase 3, RAR1, topless and PIF3 had significantly increased in the ML. Taken together, our data suggest that leaf miners could significantly affect leaf structure, photosynthesis, the antioxidant system and miner responsive gene expression in A. marina leaves.
Introduction
Mangroves are the dominant vegetation of the subtropical and tropical coastline in the intertidal wetlands between approximated 30°N and 30°S latitude in the world, and the total area is about 137,760 km 2 in 118 countries and regions (Giri et al. 2010) .
Mangroves have received increasing attention due to their high carbon storage and productivity , Daniel 2011 , Donato et al. 2011 . However, 35% of mangroves were destroyed around the world over last two decades because of overexploitation and poor management (Valiela et al. 2001 , † These authors contributed equally to this work. Giri et al. 2010) . Moreover, mangrove forests have been degraded in recent years because of aquaculture wastewater pollution and exotic species invasion (Kathiresan and Bingham 2001 , Gilman et al. 2008 , Chen et al. 2009 ). Additionally, increased salinity in saline wetlands has further inhibited growth of mangrove forests by disturbing the nutrient balance and water use efficiency (Ball 1996 , Martin et al. 2010 ).
In our field surveys, severe outbreaks of herbivorous insects have been found to have occurred in the south of China in recent years, particularly for Avicennia marina (Forsk.) Vierh, a widely distributed mangrove species from south Asia to Australia (Juncosa and Tomlinson 1988 , Duke 1991 , Blasco et al. 1996 , Lin 1999 . Zhou et al. (2010) found that the leaves of A. marina were more susceptible to herbivorous insects than other mangrove species due to low levels of condensed tannin and high levels of nitrogen (N) content in leaves. Previous studies reported that large-scale outbreaks of herbivorous insects affected the growth and ecological functions of mangrove forests (Onuf et al. 1977 , Robertson and Duke 1987 , Robertson et al. 1990 ). One of the most common insects in mangrove forests is the leaf miner. Liu and Fan (2009) reported that the type of leaf miner colonizing A. marina belonged to the Phyllocnistis genus; however, the species had not yet been determined. Recently, we reared these leaf miners through the adult stage and identified them as Phyllocnistis citrella Stainton (see Figure S1 available as Supplementary Data at Tree Physiology Online). Although the impact of leaf miner infestation has been examined in other tree species like citrus, very little is known about the morphological, physiological and molecular responses of mangrove plants to P. citrella infection.
Several earlier studies have shown that about 10,000 leaf miner species have been described belonging to 51 families of holometabolous insects with complete metamorphosis (Hering 1951) . The adults of leaf miners oviposit externally on leaves or beneath the epidermis (Moore 1966 , Wallace 1970 . After hatching for several days, the larvae enter the leaf and hide under the epidermis, and are associated with leaf deformation, chlorosis and necrosis, and reduce plant productivity (Whittaker 1994 , Raimondo et al. 2003 , Wagner et al. 2008 , Raimondo et al. 2013 . Besides, Schaffer et al. (1997) reported that mining days and number of citrus leaf miners per leaf correlated negatively with the net photosynthetic rate (Pn), and correlated positively with the foliar visual damages. Meanwhile, Parrella et al. (1985) also reported that leaf miners significantly affected the photosynthetic rate and some physiological parameters of chrysanthemum. Recently, Raimondo et al. (2013) reported that leaf miners from citrus impaired the hydraulics of host plants and the adaptability to the environment, but P. citrella infestation did not result in a significant decline in the productivity of citrus plants.
When plants are subjected to stress or insect attack, they will accumulate reactive oxygen species (ROS) including superoxide radical (O 2ˉ· ) and hydrogen peroxide (H 2 O 2 ). Furthermore, the accumulation of excess ROS will result in toxicity to cells including oxidative damage to nucleic acids, proteins and lipids. However, plants have evolved a variety of antioxidant enzymes including superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and perxidase (POD) to reduce the stress-induced oxidative damages (Mittler 2002) . These enzymes are potentially a plant defense mechanism against herbivorous insects, because they play an important role in alleviating insect-induced lipid membrane damage and toxic metabolites accumulation. For instance, some studies focused on the changes of phenol content and antioxidase activity in leaves in response to leaf miners (Bi and Felton 1995, Ramiro et al. 2006) . Recently, the research of Cardoso et al. (2014) showed that many defense-and metabolic-related genes are involved in coffee defense responses against leaf miner attack. Similarly, Zhang et al. (2009) reported that Populus cathayana could change antioxidant enzymes activities to defend the plant from oxidative stress caused by Melampsora larici-populina infection.
In this study, we aimed to investigate the following two scientific questions: (i) How do leaf miners affect the leaf photosynthesis of A. marina? (ii) Which strategy is used for A. marina in response to leaf miner attacks in terms of antioxidant and/or defense mechanisms? To address these questions, we first determined the gas exchange, chlorophyll fluorescence, water loss, carbon (C) and nitrogen (N) contents of mined (ML) and non-mined leaves (NML) of A. marina, and then investigated the chlorophyll content, leaf structure, chloroplast integrity and ROS generation. Finally, we analyzed the changes of antioxidant enzyme protein expression and transcriptional levels of antioxidant-and insect resistance-related genes in ML and NML.
Materials and methods

Site description, leaf sampling and damage classification
The study site was located in the northeast coast of Leizhou Peninsula, Guangdong Province, Southern China (110°09′E, 20°5 5′N). The annual average temperature is 22.9°C (the mean monthly minimum/maximum temperature is 15.5/30.1°C, respectively). The mean yearly rainfall is approximately 1711 mm based on the long-term records from 1955 to 2010 of Guangdong Meteorological Observatory. The tide regime is a mixed semidiurnal tide. Field investigations were carried out in a dwarf A. marina mangrove community (canopy height was less than 1.5 m) that was >150 m long and 50 m wide. The leaf miner infection investigation was carried out in five plots with dimensions of 10 × 10 m since January 2010. The results revealed that 15.54 ± 2.99% (mean ± SE, n = 40) of A. marina trees within each plot were damaged by leaf miner infection from 2010 to 2015. Moreover, our survey revealed that ∼25% of the canopy leaf area in our sample site was damaged by leaf miner infection. In our study, pairs of leaves (the second pair of leaves from the distal portion of the shoot) were selected for gas exchange measurements and collected for further lab analysis, of which one leaf was damaged by the leaf miner and the other leaf was fully healthy. In total, 80 leaves from 40 individual trees that were scattered throughout the mangrove forest were sampled. After the gas exchange measurements, the samples were placed in the ice cube box (0-4°C) and taken to the lab immediately. In the lab, the samples were separated into three groups ( Figure 1A ): the first group was healthy leaves labeled as NML, and the ML were divided into two groups including the nonmined portion (NMP) of ML and mined portion (MP) of ML.
Chlorophyll, carbon and nitrogen content measurements
Chlorophyll was determined according to the method of Lichtenthaler (1987) with few modifications. About 10 ml of aqueous acetone with 80% (v/v) was used to extract the leaf chlorophyll. Total chlorophyll content was calculated by the equation Ct = Ca + Cb. Ca = 12.21A 663 − 2.81A 646 ; Cb = 20.13A 646 − 5.03A 663 . The ratio of chlorophyll a to b was estimated using the absorbances at 663, 646 and 470 nm with a UV−VIS spectrophotometer (Cary 50, Varian, California, USA) and was standardized by leaf fresh weight. Four biological replicates were used to analyze the chlorophyll concentration.
The leaf samples were dried for 72 h at 60°C in a drying oven to measure the contents of N and C. By using a pestle and mortar, the dried tissues were ground into a fine power. Approximately 10 mg power samples were used to measure C and N contents by using a CHNS elemental analyzer (FlashEA 1112, Thermo Finnigan, California, USA). Four biological replicates were used for analyzing the C and N contents.
Scanning electron microscopy
The 0.3 × 0.1 cm pieces of A. marina leaves were cut, and then fixed rapidly with 2.5% glutaraldehyde for 24 h at room temperature. Subsequently, 0.1 M phosphate buffer solution (pH 7.0) was used to wash the samples, and then 1% OsO 4 was used to fix the samples. The samples were dehydrated using series of ethanol concentrations including 50%, 70%, 80%, 90%, 95% and 100%, and again washed with distilled water three times. Isoamyl acetate was permeated into the samples for 24 h, and then samples were embedded and converged in the same isoamyl acetate 24 h at 30°C, 45°C and 60°C. The common critical point drier was used for drying the materials and an ion sputter (IB-5) was used for platinizing the samples. Finally, scanning electron microscopy (SEM) (JSM6390, JEOL, Kyoto, Japan) was used to observe and photograph the samples. At least six samples per treatment group were observed.
Transmission electron microscopy
The fresh leaves of A. marina were cut into 1.0 × 0.5 mm pieces, and then fixed rapidly in 2.5% glutaraldehyde in sodium phosphate buffer (0.1 M, pH 7.0) for 4 h at room temperature. Subsequently, the samples were washed three times using the above buffer, and then 1% OsO 4 was used to fix the samples at room temperature for 4 h. An acetone series was used to dehydrate the samples, and then the samples were embedded in Spurr's resin. Finally, the embedded samples were sectioned with an ultramicrotome (Leica EM UC6, Leica Microsystems GmbH, Wetzlar, Germany). Uranyl acetate and lead citrate were used to stain the ultrathin sections (70-90 nm). The ultrastructure imaging of chloroplast was observed and photographed with a transmission electron microscopy (TEM) (Philips CM 100, Philips, Eindhoven, The Netherlands) at 80 kV (Chang et al. 2008) . At least three leaves per group (NML, NMP and MP) and more than 30 individual chloroplasts were observed.
Leaf gas exchange and water loss measurements
Net photosynthesis (Pn) was defined as gross photosynthesis subtracting respiration, which was measured using 90 fully expanded A. marina leaves (the second pair of leaves from distal portion of the shoot) with different mined areas (up to over 80%) by a portable Li-6400 gas analyzer (Li-Cor, Lincoln, NE, USA). The ML without P. citrella larvae were selected to measure the photosynthesis. All tests were carried out between 9:00 and 10:30 AM to avoid high temperature stress on photosynthesis. The ratio of damaged area to the total leaf area was expressed as the damage percentage (Xiao et al. 2005) . The photosynthetically active radiation (PAR) was set at 1000 μmol m −2 s −1 by an Li-6400-02 LED blue/red light source (Li-Cor) fitted to the chamber, while the ambient CO 2 concentration was provided around 380 ± 3 μmol mol −1
. Light-response curves and Pn/ intercellular CO 2 concentration (Ci) curves were also measured Figure 1 . The changes of infection symptoms (A), total chlorophyll content, chlorophyll a/b, C and N content and C/N ratio (B) in leaves of A. marina caused by the leaf miner. Different letters in the same line represent significant differences from each other (P < 0.05). Each value is the mean ± SE (n = 4). NML, non-mined leaves; NMP, non-mined portion of mined leaves; MP, mined portion of mined leaves. using the same portable photosynthesis system on NML and on ML that had more than 50% area damaged. The light-response curves were measured on at least five leaves for all groups at 25°C and 380 μl l −1 CO 2 supply. The non-rectangular hyperbola was used to calculate the apparent dark respiration (Rd), apparent quantum yield (AQE), maximal net photosynthetic rate (Pmax), light saturation point (Lsp) and light compensation point (Lcp) of the response of leaf Pn to PAR (Prioul and Chartier 1977) :
where θ is the convexity. The water-use efficiency (WUE) was calculated by the following formula:
where Tr is transpiration rate. The rectangular hyperbola was used to calculate the carboxylation efficiency (CE), the respiratory process (light) (Rp), and the assimilation at saturating CO 2 (Pmax) of the response of leaf Pn to Ci (Olsson and Leverenz 1994 ):
Experimental data were obtained by first fitting initial estimates of CE and Rp values using linear regression under the lower part of the curve and calculating Pmax from the largest value. Finally, the values of CE, Rp and Pmax were obtained using a least-square fitting.
Water loss of the NML and ML of A. marina was determined using the method of Whittaker (1994) . The excised leaves of equivalent age and size, with and without miner, were weighed, then placed the adaxial surface upwards (temperature 22 ± 1°C, relative humidity 50-60%) and reweighed at 1 h intervals for up to 8 h. These detached leaves were selected in pairs. The paired leaves came from the same tree. The mined leaf was sampled as the miner infected material, and the matched healthy leaf with a similar size, age and appearance was sampled as the control. Five biological replicates were used to analyze the water loss.
Chlorophyll fluorescence features measurements
We measured the chlorophyll fluorescence features of eight leaves from various NML, NMP and MP, respectively. Firstly, the leaves were placed in the dark for 30 min before the measurements. Subsequently, leaves were then exposed to 3000 μmol m −2 s −1 down to 0. The ratio of variable (Fv) to maximum fluorescence (Fm) was measured in eight samples. Leaves were kept in darkness for adaptation for more than 30 min prior to the measurement. The Fm, the minimum fluorescence (Fo), the variable fluorescence (Fv = Fm − Fo), and the ratio Fv/Fm were measured for 15 s at 3000 μmol m −2 s −1
. Besides, the electron transport rate (ETR), photochemical quenching coefficient (qP) and the nonphotochemical quenching (NPQ) were determined using a PAM-2100 system fluorescence meter (Heinz Walz, Effeltrich, Germany).
Measurements of superoxide radical, hydrogen peroxide and lipid peroxidation
Superoxide radical (O 2ˉ· ) was measured using the method of Zhang et al. (2009) with some modifications. Leaf samples (1 g) were ground with 1.2 ml of phosphate buffer (pH 7.8) in an ice bath, and then centrifuged at 5000g for 10 min (4°C). The supernatant was added to 1 ml of hydroxylamine hydrochloride and reacted for 1 h, and then 1 ml of α-naphthylamine and 1 ml of p-aminobenzene sulfonic acid were also added to the above system. The mixture solution was reacted for 20 min at 25°C. The absorbance of OD530 was determined using spectrophotometer and NaNO 2 was used to make the standard curve. Four biological replicates were used to analyze the production of O 2ˉ· .
Hydrogen peroxide (H 2 O 2 ) was measured using a modified ferrous ammonium sulfate/xylenol orange (FOX) method (Cheeseman 2006) . The assay mixture contained 250 μM ferrous ammonium sulfate, 100 μM xylenol orange and 100 μM sorbitol. The assay was modified by adding 1% ethanol, and designated eFOX, to improve the sensitivity of the assay. According to the instrumentation, the greatest sensitivity and stability of the assay was carried out by determining the difference in absorbance between 550 and 800 nm at 15 min after mixing the test solutions and the eFOX reagents. Finally, the dilution of reagent grade (30% H 2 O 2 ) was used as standards. The concentration of H 2 O 2 was calculated using absorbance at 240 nm and an extinction coefficient was 43.6 M −1 cm −1
. Four biological replicates were used to analyze the H 2 O 2 concentration.
The level of lipid peroxidation was measured on the basis of malondialdehyde (MDA) content with reaction of the thiobarbituric acid (TBA) (Yan et al. 2010) . Avicennia marina leaves (0.3 g) were homogenized with 1 ml of 50 mM phosphate buffer solution (pH 7.8), and then centrifuged at 10,000g at 4°C for 15 min. The MDA content was measured using the supernatant. The reaction mixture including the supernatant (0.8 ml) and 1.3 ml of 0.5% TBA (dissolved in 20% TCA) was reacted for 20 min at 95°C in a water bath, and then cooled down quickly on ice. At last, the reaction solution was centrifuged at 10,000g at 4°C for 5 min. The absorbance of OD532, 600 and 450 nm was measured. 
Glutathione content measurements
The kit of GSH reagent (Jiancheng Bioengineering Institute, Nanjing, China) was used to measure the content of reduced glutathione (GSH). Leaf samples (0.3 g) were homogenized with 25% H 3 PO 4 and 0.1 M Na 3 PO 4 -EDTA buffer (pH 8.0). The mixture solution was finally centrifuged at 10,000g (4°C) for 20 min. The supernatant was used to measure the GSH content (Rama Devi and Prasad 1998). According to the instructions of manufacturer, the GSH content was measured at OD420 nm using a UV−VIS spectrophotometer. Four biological replicates were used to analyze the GSH content.
SDS-PAGE and western blot analysis
Leaf samples with 0.5 g were used to extract the content of protein according to the method of Chen et al. (2013) . Protein content was quantified based on the method of Bradford (1976) .
For western blot analysis, SDS-PAGE with 12% (w/v) acrylamide gels was used to separate the proteins (40 μg) based on the method of Laemmli (1970) , and then transferred electrophoretically to a membrane of polyvinylidene difluoride for 50 min. The membrane was blocked with Western Blocking Buffer for 24 h (TIANGEN, Beijing, China). Protein blots were detected with primary antibodies of Rubisco large subunit (RuBISCO LSU) (AS03 037-200, Agrisera, Vännäs, Sweden), glutathione S transferase (GST) (AS 09 479, Agrisera, Vännäs, Sweden), L-APX (AS08 368, Agrisera, Vännäs, Sweden), Cu/ Zn SOD (AS06 170, Agrisera, Vännäs, Sweden) and POD (AS05 093, Agrisera, Vännäs, Sweden) at dilutions of 1:5000, 1:2000, 1:1000 and 1:1000 at room temperature with agitation for 4 h, respectively (see Table S1 available as Supplementary Data at Tree Physiology Online). β-Actin (Santa Cruz, California, USA) was used in 1:5000 as the internal control. Thereafter, PBST solution containing 150 mM NaCl, 50 mM Tris-HCl (pH 8.0) and 0.05% (v/v) Tween 20 was used to wash these blots three times, then they were incubated with the secondary antibody (Abcam, Cambridgeshire, UK) like anti-rabbit IgG horse radish peroxidase conjugated at 1:5000 dilution for 2 h at room temperature. Finally, based on the manufacturer's instructions, the blots were washed as described above and developed with SuperSigmal West Pico Chemiluminescent Substrate (Pierce, Massachusetts, USA). A FluorSMax CCD imager (Bio-Rad, Hercules, CA, USA) was used to obtain images of the blots. The optical density of the image was obtained the Quantity One software (Bio-Rad). The relative protein expression level was calculated by the optical density value. Three biological replicates and three technical replicates were used to analyze the above proteins' expression.
Total RNA extraction and gene expression analysis
The expression patterns of genes including RuBISCO large subunit (RBCL), Mn superoxide dismutase (Mn SOD), Cu/Zn superoxide dismutase (Cu/Zn SOD), peroxisomal ascorbate peroxidase (pAPX), catalase (CAT) and several insect resistance-related genes including chitinase 3, Resistance family 1 (RAR1), topless and phytochrome-interacting factor 3 (PIF3) were measured using quantitative real-time PCR (qRT-PCR). Total RNA from 0.5 g leaves was extracted with 0.5 ml of RNA purification reagent (Invitrogen Inc., Carlsbad, CA, USA) according to the manusfacturer's procedure. An UV-VIS spectrophotometry (Cary 50, Varian, California, USA) was used to determine the RNA concentration and 1% agarose gel electrophoresis was used to detect the RNA integrity. Total RNAs were reverse-transcribed as described by Chen et al. (2013) into first-strand cDNAs by the M-MLV reverse transcriptase (TaKaRa, Dalian, China). The forward and reverse primers of RBCL, Cu/Zn SOD, Mn SOD, CAT, pAPX, chitinase 3, RAR1, topless and PIF3 are listed in Table S2 , available as Supplementary Data at Tree Physiology Online, and the PCR conditions are also provided in Table S3 , available as Supplementary Data at Tree Physiology Online. Each sample was carried out three independent replicates. The relative amount of gene expression was determined by the method of comparative threshold cycle (Ct). The internal control was the 18 S rRNA gene. 2 −ΔΔCt was used to express the mRNA abundance of these genes (Livak and Schmittgen 2001 
Statistical analysis
For photosynthesis measurements, at least five independent leaves were selected. For physiological index measurements, four biological replicates and four technical replicates were used. For western blot and qRT-PCR analysis, three biological replicates and three technical replicates were used. The data are expressed as means of replicates plus standard errors. The ANOVA model procedure of SPSS 19.0 (SPSS Inc., Chicago, IL, USA) was used to analyze the data of experiments. For photosynthesis, water loss and chlorophyll fluorescence, these data were analyzed using repeated measured techniques. For all parametric tests, differences were considered statistically significant at P < 0.05.
Results
Damaged phenotype, chlorophyll, carbon and nitrogen contents in ML of A. marina Figure 1A shows the typical phenotype of leaf damage for A. marina caused by the leaf miner. In the MP, obvious zigzagshaped mesophyll mining damage occurred beneath the epidermis after leaf miner infection. Interestingly, we also noted that the damage always appeared on adaxial surface but not on the abaxial surface (data for abaxial surface was not shown). Moreover, as the larvae moved, a tunnel under the epidermis was formed and accompanied by the consumption of the Tree Physiology Volume 37, 2017
epidermal cell by the larvae of P. citrella, thereafter producing damage characterized by a dark brown appearance. As shown in Figure 1B , the total chlorophyll content decreased significantly from 2.06 to 1.69 and 1.51 mg g −1 fresh weight in leaves as the leaf group changed from the NML to the NMP and the MP. On the contrary, the chlorophyll a/b ratio in the NMP and MP was increased by 20.5% and 18.8%, respectively, compared with NML. Particularly, although the C and N contents were significantly increased from the NML to the NMP, the C content decreased in the MP, while the N content did not change significantly in the MP compared with the NML. Consequently, the C/N ratio in the NMP was reduced by 5% compared with the NML. These results indicated that the leaf miner not only affected the phenotype of leaves, but also affected the chlorophyll, C and N contents in leaves.
SEM and TEM observations in NML and ML of A. marina
Scanning electron microscopic observations revealed that the leaf miner only invaded the upper epidermis, destroyed the epidermal cells and further caused exposure of some salt glands, while these structures were intact in the NML or in the NMP (Figure 2A and D) . Similarly, there was no obvious damage on the abaxial surface of either NML ( Figure 2B ) or the MP ( Figure 2E ). In the transverse sections, the leaf miner destroyed specifically the epidermal cells and the cell walls of these cells were severely suberized after leaf miner attacks. It was also noted that the palisade tissues were destroyed in the MP ( Figure 2F ) compared with the NML ( Figure 2C ). However, the spongy tissues appeared to be unaffected and showed intact spongy parenchyma structure ( Figure 2F ) in the MP. Typical stacked thylakoid structure with evidently wellorganized grana and well developed spindle chloroplast was observed by TEM in NML as shown in Figure 3A . Meanwhile, the clear grana structure in chloroplast was also observed ( Figure 3B ). On the contrary, non-spindle shaped chloroplast was observed in the MP ( Figure 3C ). Some swollen and degraded thylakoids with numerous electron-dense bodies inside the chloroplast also appeared ( Figure 3D ).
Photosynthetic characteristics in NML and ML of A. marina
Pn was negatively correlated with the percentage of leaves with leaf miner-induced damage (R 2 = 0.42, P < 0.001) ( Figure 4A ). Meanwhile, light-response curves indicated that the Pn in ML (average damage percentage was 51.8%) was lower than in NML (RM GLM, F = 13.257, P = 0.022) ( Figure 4B ). Similarly, Pn/Ci curves also suggested that the Pn in ML was significantly lower than in NML (RM GLM, F = 45.726, P = 0.002) ( Figure 4C ). Furthermore, the stomatal conductance (Gs) in ML were lower compared with NML (RM GLM, F = 16.322, P = 0.016) ( Figure 4D ). However, WUE was not difference between ML and NML in A. marina (RM GLM, F = 1.948, Tree Physiology Online at http://www.treephys.oxfordjournals.org
Response of Avicennia marina to leaf miners 87 P = 0.235) ( Figure 4E ). Water loss from detached leaves infected with the leaf miner appeared faster than that from NML (RM GLM, F = 4.996, P = 0.036), especially at 4-8 h after detaching, when differences were significant ( Figure 4F ). In addition, several important photosynthetic parameters including Pmax, Rd, AQE, Lsp and Lcp were estimated from the responsive curve of Pn against PAR using the fitting model of Prioul and Chartier (1977) . Furthermore, the CE, Rp and Г are calculated using the model of Olsson and Leverenz (1994) and are listed in Table 1 . AQE, Rd and Rp in ML were decreased by 41.1%, 21.3% and 56%, respectively, compared with that in NML. In particular, decrease of Rp was the most significant, whereas Lcp, Lsp and Г were higher in leaves infected by the leaf miner. It should be noted that Pmax and CE were decreased by 23.6% and 67.7%, respectively, in ML of A. marina. The Fv/Fm in the MP was significantly decreased compared with the NM (Figure 5A ). The PSII in the MP was significantly decreased compared with the NML (RM GLM, F = 42.062, P = 0.001), and that in the NMP also had obviously been inhibited (RM GLM, F = 21.482, P = 0.004) ( Figure 5B) . Similarly, the ETR in the MP had obviously decreased compared with the NML (RM GLM, F = 35.675, P = 0.001), but that had slightly decreased in the NMP (RM GLM, F = 7.390, P = 0.035) ( Figure 5C ). In contrast, NPQ was not different in the MP compared with the NMP (RM GLM, F = 4.223, P = 0.086), but NPQ was elevated in both the MP and NMP relative to NML (RM GLM, F = 8.146, P = 0.029) ( Figure 5D ). Moreover, the qP in the MP had a significant decrease compared with the NML (RM GLM, F = 22.546, P = 0.003), but the NMP had no obvious change compared with the NML (RM GLM, F = 1.368, P = 0.286) ( Figure 5E ).
Effects of the leaf miner on RuBISCO LSU protein and gene expression
The protein expression level of RuBISCO LSU in the MP was only ∼68% of NML, whereas it was 28% higher in the NMP compared with the MP (Figure 6A and B). Furthermore, a significant decrease of RBCL gene expression in the MP by 69% compared with NML was observed ( Figure 6C ). However, the RBCL gene expression in the NMP was 1.31-fold higher than in NML ( Figure 6C ). The above results suggested that the depression of photosynthesis caused by leaf miner attacks may be due to the down-regulation of RuBISCO LSU expression both at protein level and transcriptional level to some extent.
O 2ˉ· generation, H 2 O 2 content and membrane lipid peroxidation in NML and ML of A. marina
The production rate of O 2ˉ· increased significantly in ML. Particularly, the production rate of O 2ˉ· was almost 2-fold higher Figure 5 . The Fv/Fm (A), quantum yield of PSII photochemistry (PSII) (B), ETR (C), NPQ coefficient (D) and qP (E) in leaves of A. marina caused by the leaf miner. Data are presented as mean ± SE of eight replicates. Columns labeled with different letters in (A) indicate significant differences at P < 0.05. NML, non-mined leaves; NMP, non-mined portion of mined leaves; MP, mined portion of mined leaves.
Tree Physiology Online at http://www.treephys.oxfordjournals.org in the MP compared with NML, while it was only slightly higher in the NMP than in NML ( Figure 7A ). In addition, we also measured H 2 O 2 content in three types of leaves. We found that the accumulation of H 2 O 2 was greater in ML including the MP and NMP than in NML, which is 2-fold greater in the NMP compared with NML ( Figure 7B) . Meanwhile, the H 2 O 2 content in the MP increased by 48% compared with NML ( Figure 7B ). In addition, the membrane lipid peroxidation in terms of MDA content reached a maximal level in the MP, which was 18% higher than that of NML. However, no significant change was found between the NMP and NML ( Figure 7C ).
Protein and gene expression of antioxidant enzyme in NML and ML of A. marina
The Cu/Zn SOD protein expression was significantly increased by 105% in the NMP compared with the NML (Figure 8A and B). However, the Cu/Zn SOD protein expression in the MP was significantly decreased by 64% compared with the NML. Moreover, the POD protein expression in the NMP was also the highest compared with other samples (Figure 8C and D) . In addition, although the total APX protein expression was almost not different between the MP and NML, pAPX and cAPX protein expression was reduced slightly in the MP ( Figure 8E and F). To further evaluate the molecular responses of antioxidant enzyme system to the leaf miner, the transcriptional expression of genes encoding SOD, CAT and APX were analyzed by qRT-PCR. The transcript levels of these genes were calculated using 18 S rRNA as a reliable normalization gene. The relative abundance of Cu/ Zn SOD was 1.88-fold higher in the NMP than in NML, while its expression in the MP was reduced by 1.9-fold compared with the NMP (Figure 9A ). On the contrary, the relative expression Data are presented as mean ± SE of three replicates. Columns labeled with different letters indicate significant differences at P < 0.05. NML, non-mined leaves; NMP, non-mined portion of mined leaves; MP, mined portion of mined leaves.
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abundance of Mn SOD gene decreased in the NMP, while it increased by 30% in the MP compared with NML ( Figure 9B ). The relative expression abundance of the CAT gene exhibited a very similar change to Cu/Zn SOD among three types of A. marina leaves ( Figure 9C ). In addition, the relative expression level of pAPX gene decreased by 42% and 55% in the NMP and MP respectively, compared with NML ( Figure 9D ).
Insect resistance-related gene expression in NML and ML
To further evaluate the molecular responses of insect resistance to the leaf miner, the expression of genes encoding insect resistance-related gene expression were analyzed at the transcriptional level using qRT-PCR. As shown in Figure 9E -H, the relative expression abundance of the chitinase 3, RAR1, topless and PIF3 genes in the MP have significant increases compared with NML. In addition, these insect resistance-related gene expression levels in the NMP were obviously higher than those in the NML ( Figure 9E -H).
GST protein expression and GSH content in NML and ML
The protein expression level of GST reached a maximal value in the MP, which was 6.11-fold higher than in NML, whereas there was almost no change between NML and the NMP ( Figure 10A and B) . Furthermore, the GSH content in the MP increased by 47% compared with NML. Similarly, GSH content between NML and the NMP showed no significant difference ( Figure 10C ).
Discussion
The results of this study indicated that the leaf miner insects significantly affected the total chlorophyll content, C and N levels ( Figure 1A and B), and chloroplast structure (Figure 3) , as well as decreasing the Pn and ETR, which was mainly caused by Gs reduction and water loss (Figures 4 and 5) . Furthermore, the high protein and gene expression of antioxidant enzymes likely enable A. marina trees to protect themselves from the excess ROS-induced damage caused by leaf miners attacks (Figures 7-10 ). In addition, in the NMP, H 2 O 2 signaling and antioxidant enzymes may play important roles in stress responses of A. marina to leaf miner attacks. These results are consistent with the observations that leaf miners caused a dramatic reduction in photosynthetic rate and stomatal aperture in Aesculus hippocastanum and Rumex obtusifolius leaves (Whittaker 1994 , Raimondo et al. 2003 . Differing from previous studies, our results showed that the NMP may sense leaf miner attacks happening in the MP via H 2 O 2 signaling in the responses of A. marina to P. citrella.
Damage effects of the leaf miner on leaf structure and photosynthesis in A. marina leaves
The miners dig tunnels in the plant leaf tissue and then spread throughout the leaf. The tunnel can be divided into lines and blotches on the basis of the way the miners spread (Needham et al. 1928) . The tunnels in A. marina leaves dug by miners were linear and formed real serpentines ( Figure 1A and see Figure S1 available as Supplementary Data at Tree Physiology Online), which Figure 8 . Western blot analysis of Cu/Zn SOD (A), POD (C) and APX (E) in leaves of A. marina damaged by the leaf miner. Relative protein level was shown as the ratio of Cu/Zn SOD/β-actin (B), POD/β-actin (D) and APX/β-actin (F) analyzed by the Quantity One software, respectively. Data are presented as mean ± SE of three replicates. Columns labeled with different letters indicate significant differences at P < 0.05. tAPX, thylakoid APX; sAPX, stromal APX; pAPX, peroxisomal APX; cAPX, cytosolic APX; NML, non-mined leaves; NMP, non-mined portion of mined leaves; MP, mined portion of mined leaves.
Tree Physiology Online at http://www.treephys.oxfordjournals.org is in accordance with the definition for serpentine tunnels (Needham et al. 1928 , Hering 1951 ). An earlier report showed similar characteristics in other plant species, such as Floscopa glabrata and Commelina diffusa (Elb et al. 2010) . In the present study, microscopic observations revealed that the leaf miners were found just beneath the epidermis and resulted in the destruction and suberization of leaf epidermal walls. Meanwhile, with the consumption of mesophyll, particularly palisade parenchyma cells, the serpentine tunnels were formed ( Figure 2D and F).
On the one hand, the physiological effect of the leaf miner on A. marina leaves was that they exhibited a dramatic reduction in Pn ( Figure 4A-C) . Meanwhile, the low coefficient between photosynthesis and proportion of leaf damaged (R 2 = 0.42, P < 0.001) may be due to differential photosynthetic responses between the MP and NMP ( Figure 4A ). We can exclude the respiration of P. citrella larvae, because the ML without the larvae were selected to measure the photosynthesis. The decreased photosynthesis was also found in Liriomyza sativae-infested Figure 9 . The expression of Cu/Zn SOD (A), Mn SOD (B), CAT (C), pAPX (D), chitinase 3 (E), RAR1 (F), topless (G) and PIF3 (H) genes in leaves of A. marina damaged by the leaf miner. The bars with different letters are significantly different from each other (P < 0.05). Each value is the mean ± SE (n = 3). NML, non-mined leaves; NMP, non-mined portion of mined leaves; MP, mined portion of mined leaves.
tomato leaves and its adjacent healthy portion (Johnson et al. 1983) . Similarly, in lima beans, mining by Liriomyza trifolii destroyed the palisade mesophyll cells and thereafter depressed the photosynthetic rate (Martens and Trumble 1987) . In addition, Raimondo et al. (2003) reported that A. hippocastanum leaves infected with the leaf miner Cameraria ohridella also had reduced photosynthetic responses. In this study, further analysis on photosynthetic features revealed that Pmax and AQE have a significant reduction in ML compared with NML (Table 1) . These results are critical for clarifying the impact of leaf miners on photosynthetic rate due to a lower Pmax and low light-use efficiency, which would reduce carbon assimilation. Both Lsp and Lcp were enhanced under the leaf miner attacks ( Table 1) , implying that the leaf miner attacks decreased the light use in A. marina leaves. Similar results were reported in Medicago truncatula and Mikania micrantha under drought stress and a holoparasitic plant under Cuscuta campestris attack (Shen et al. 2007 , Nunes et al. 2009 ). In addition, the sharp decreases in Rd and Rp when A. marina suffered from infection with the larvae of miners indicates that ML had lower respiration compared with the NML (Table 1) . Based on the above statements, we concluded that leaf miners could reduce photosynthesis and the accumulation of organic compounds in the leaves of A. marina. Moreover, we also analyzed the chlorophyll fluorescence features of A. marina leaves infected by the leaf miner, and found that the leaf miner could significantly inhibit the PSII (GLM, F = 42.062, P = 0.001) and ETR (GLM, F = 35.675, P = 0.001) in the MP compared with that in NML ( Figure 5B and C). These results showed that leaf miner attacks reduced the growth of A. marina through inhibiting the photosynthetic electron transport and other chlorophyll fluorescence parameters.
On the other hand, the significant effect of leaf miners on A. marina was the alteration in Gs of leaves in A. marina. A sharp reduction of Gs in ML of A. marina was observed ( Figure 4D ). Another effect caused by the leaf miner was changes in leaf water content. We found that WUE had no obvious change in ML (GLM, F = 1.948, P = 0.235) ( Figure 4E ). However, the increase of water loss in ML of A. marina was confirmed (GLM, F = 4.996, P = 0.036) ( Figure 4F ), suggesting that photosynthetic carbon gain was decreased and leaf water loss was increased after leaf miner infection. A similar phenomenon also was found with other herbivorous insects (Zangerl et al. 2002 , Nabity et al. 2009 ).
Responses of nitrogen and carbon assimilation in A. marina leaves to leaf miner attacks RuBISCO is the most important enzyme that controls carbon fixation of photosynthesis. Moreover, the rate of carbon fixation, CE and Lsp are closely correlated with RuBISCO levels (Lin and Hsu 2004) . Previous studies also showed that photosynthetic capacity together with Gs co-limited the rate of assimilation, and this limitation was closely correlated with salinity, humidity and light regimes in A. marina (Ball and Critchley 1982, Ball and Farquhar 1984a, b) . Interestingly, our results showed that the Gs, photosynthetic capacity and water loss of A. marina were affected by leaf miner attacks. Our data revealed that the RuBISCO LSU expression was decreased in the MP ( Figure 6A and B). To further evaluate the molecular effects of the leaf miner on photosynthesis, the changes in transcriptional expression of RBCL were analyzed by qRT-PCR. A significant down-regulation of RBCL was found in the MP (Figure 6C ), suggesting that RuBISCO biosynthesis is very sensitive to miner invasion. It is noteworthy that the expression of RBCL was up-regulated in the NMP of ML ( Figure 6C ), indicating that RuBISCO biosynthesis was enhanced in the NMP. This result implied that the signal of leaf miner invasion may be transduced from the MP to the NMP Figure 10 . Western blot analysis of GST in leaves of A. marina damaged by the leaf miner (A). Relative expression level is shown as the ratio of GST/β-actin with the analysis of Quantity One software (B). The GSH content in leaves of A. marina damaged by the leaf miner (C). Data are presented as mean ± SE (n = 3-4). Columns labeled with different letters indicate significant differences at P < 0.05. NML, non-mined leaves; NMP, non-mined portion of mined leaves; MP, mined portion of mined leaves.
Tree Physiology Online at http://www.treephys.oxfordjournals.org of ML, and then stimulates the RBCL gene expression in the NMP to compensate the down-regulation of RBCL gene expression in the MP. The detailed mechanism remains to be understood. Additionally, the decrease in CE of A. marina leaves caused by leaf miner can be explained by both the reduction of RuBISCO biosynthesis and leaf miner-induced decrease in the carboxylation process, because CE plays a major role in the photosynthesis improvement (Farage and Long 1999) .
The relationships between foliar N content and gas exchange have been highlighted (Reich et al. 1998 , Niinemets 1999 , Reich et al. 1999 , Martin et al. 2010 , as higher foliar N is generally accompanied by a higher CO 2 fixation rate due to the greater RuBISCO investment (Evans 1989, Poorter and Evans 1998) . In the present study, the N content of the MP decreased slightly, whereas that of the NMP increased significantly compared with healthy leaves (Figure 1B) , suggesting that the NMP could store more N, but the RuBISCO LSU protein level and chlorophyll content were slightly decreased in the NMP. Moreover, decrease in C assimilation, RuBISCO LSU level and CE in ML may have resulted from the reduction of N content. Previous studies showed that the reduction of foliar N and the increases of C:N ratio decrease generally the foliar nutritional value for herbivores (Johns and Hughes 2002) . However, Feller (1995) reported that the ratio of C:N is not correlated with herbivory, but instead is inversely correlated with the concentration of phenolic compounds. In the present study, the ratio of C:N in the MP and NML was not changed by the leaf miner, suggesting that herbivory is not correlated with the ratio of C:N. In addition, leaf C content in the NMP increased, whereas that of the MP had a significant reduction compared with the NML, implying that accumulated carbohydrates were consumed by the miners. Based on the above results, we concluded that the NMP could store high amounts of N and C, and up-regulate the expression of RBCL in order to alleviate the damage of A. marina leaves induced by leaf miner attacks.
Responses of ROS generation and antioxidation system in A. marina leaves to leaf miner attacks
The accumulation of ROS by abiotic and biotic stresses causes a cytotoxic environment, thereafter inducing oxidative damages to lipids and proteins (Mittler 2002) . In the present study, biotic stress caused by leaf miners affected the physiological processes and growth of A. marina leaves by higher accumulation of ROS in ML ( Figure 7A and B) . Interestingly, higher generation rate of O 2ˉ· and lower antioxidant enzyme expression in the MP were found, suggesting that the acute response strategy was used in the MP (Figure 11 ). On the contrary, a higher H 2 O 2 level and higher antioxidant enzyme expression in the NMP were revealed, implying that the NMP may sense herbivory in adjacent tissues via H 2 O 2 signaling in A. marina. Furthermore, H 2 O 2 mediates expression of antioxidant enzymes, which was observed in the current study as higher levels of several antioxidants were detected in the MP. The balances between the concentration of H 2 O 2 and cellular scavengers are critical for cell function (Shigeoka et al. 2002) . Additionally, ROS accumulation leads to oxidative stress, which can damage lipid of membranes in plants.
In this study, a significant increase of membrane peroxidation in terms of the content of MDA in the MP was found, whereas no change in the NMP was observed ( Figure 7C ), implying that the NMP is more efficient in controlling ROS-induced oxidative damage than the MP.
To reduce negative consequences caused by higher accumulation of ROS, plants have evolved various enzymatic antioxidants. For instance, Zhang et al. (2009) determined that levels Figure 11 . The response mechanism of A. marina to leaf miner attacks. NMP, non-mined portion of mined leaves; MP, mined portion of mined leaves.
Tree Physiology Volume 37, 2017 of antioxidative enzymes were altered in P. cathayana leaves infected with M. larici-populina. In our study, the protein expression levels of Cu/Zn SOD, POD and APX were found to be different between the NML and ML (Figure 8) . A higher O 2ˉ· generation rate accompanied by more cellular damages and higher SOD protein expression in the MP suggested the leaf miner could damage A. marina leaf through oxidative stress ( Figures 7A and 8A, B) . Furthermore, the results of qRT-PCR suggested that the mRNA expression of Cu/Zn SOD was consistent with the Cu/Zn SOD protein expression in our samples ( Figures 8A, B and 9A ), suggesting that Cu/Zn SOD plays a vital role in enhancing the stress responses of A. marina to leaf miner attacks. Bi and Felton (1995) reported that POD activity changed during the feeding of Helicoverpa zea larvae. Our data indicated a clear relationship between the damage by leaf miners and protein expression level of POD ( Figure 8B and C) . Moreover, the differential levels of POD between the NMP and MP may be attributed to the indirect responses to insect attacks, like suberization and lignification in plant cells (Goldberg et al. 1985) . However, the protein expression of total APX was not changed in all samples ( Figure 8E and F) . Therefore, we conclude that POD is predominantly responsible for removing H 2 O 2 in infested A. marina ( Figure 8B and C) . Meanwhile, the gene expression of CAT was highest in the NMP compared with NML and the MP ( Figure 9C ). Therefore, we concluded that the NMP of A. marina could enhance the stress response to the leaf miner through increasing Cu/Zn SOD and POD protein expression levels and the gene expression of CAT. In a word, our results indicate that SOD, CAT and POD levels change in response to the leaf miners, possibly serving to restrict herbivory.
GST plays a critical role in counteracting plant cellular oxidative damage (Darkó et al. 2004) . Some studies suggested that the expression of GST genes is induced by oxidative stress (Darkó et al. 2004, Wyrwicka and Sklodowska 2006) . In our study, the protein expression of GST increased clearly in the MP ( Figure 10A and B), implying that GST plays an important role in protecting plants from the damage caused by leaf miners. Apart from this enzyme, some antioxidants such as GSH function to tolerate environmental stress through protecting labile macromolecules from the attacking by ROS which is produced in various metabolic processes (Rama Devi and Prasad 1998). In the present study, the GSH content was increased in the MP ( Figure 10C ), suggesting that high GSH content could increase the resistance of plants to leaf miner attacks in mangrove plants.
Responses of insect resistance-related genes in A. marina leaves to leaf miner attacks
The leaf miner, P. citrella, can strike the leaves of A. marina in southern coastal wetland of China. We further analyzed several insect resistance-related gene expression such as chitinase 3, RAR1, topless and PIF3. Chitinase is a pathogenesis-related protein in plants and plays an important role in defense against insect herbivory. Karmakar et al. (2016) reported that overexpression of chitinase could enhance the resistance of rice against sheath blight. Our results revealed that leaf miners could significantly increase the expression levels of chitinase 3 gene, suggesting that chitinase could enhance the resistance of A. marina leaves against leaf miners ( Figure 9E ). RAR1 is a cochaperone of heat shock protein 90 for pathogenic bacterial effectortriggered immunity in plants (Shang et al. 2006) . Our results showed that the expression levels of RAR1 gene in leaf miner attacked leaves were significant increased compared with nonleaf miner attacked leaves ( Figure 9F ). In addition, topless protein functions in jasmonate response signaling as a general negative co-regulator together with some specific adapter proteins (Pauwels et al. 2010) . In the present study, the leaf miner infection could increase significantly the expression of topless gene, suggesting that topless protein may regulate multiple phytohormone in the defense of A. marina leaves against the leaf miner attacks ( Figure 9G ). Phytochrome-interacting factor 3 (PIF3) is a critical component in plant light signaling and mediates a range of environmental stress-induced plant responses (Gao et al. 2015) . Our results indicated the leaf miner attacks could increase the expression abundance of PIF3 in A. marina leaves, suggesting that PIF3 plays a vital role in enhancing the resistance of mangrove against leaf miners ( Figure 9H ). In all, our results demonstrated that several insect resistance-related genes play an important role in defending against the attack of leaf miners in A. marina leaves.
Conclusions
In conclusion, we described the response mechanism of A. marina to leaf miners as shown in Figure 11 . Our data revealed that leaf miner attacks resulted in a significant destruction of the structure of chloroplast and the epidermal cells in the MP, but had no major impact on the NMP. Moreover, the reduction of Pn and ETR caused by the leaf miner was mainly due to the decrease in the expression of RuBISCO LSU, the reduction of C, N and chlorophyll content, and the increase of stomatal closure. Pmax, CE, Gs, AQE, Rd and Rp were all significantly decreased by leaf miner attacks, which further reduced photosynthesis. Meanwhile, leaf miner attacks significantly inhibited the chlorophyll fluorescence features. However, A. marina could protect themselves, with the high protein expression levels of antioxidant enzymes, from the damage caused by excess ROS that was induced by leaf miner attacks. Meanwhile, the NMP could mobilize more N and C nutrition, up-regulate the expression of RBCL gene, induce high H 2 O 2 levels, and increase Cu/Zn SOD and POD protein expression in order to enhance the stress responses to leaf miner attacks in A. marina leaves. Several insect resistance-related genes also play an important role in defending against the attack of leaf miners in A. marina leaves. Taken together, our results demonstrated that leaf miners could significantly affect the morphological, physiological, biochemical and molecular responses in A. marina leaves.
